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KEYWORDS Abstract In this study, a new series of aliphatic, cyclic, and heterocyclic derivatives of haeman-
Haemanthamine; thamine was designed and synthesized to enhance its inhibitory effect on the proliferation and via-
Amaryllidaceae alkaloids; bility of cancer cells. A library of haemanthamine derivatives was subjected to 10 uM single-dose
11-0-(4-chloro-3-nitroben cytotoxicity screening against a panel of human cell lines of various histotypes. Initial cytotoxicity
zoyl)haemanthamine; evaluation of the parent haemanthamine (1) and a series of twenty-nine (2-30) semisynthetic ana-
Antiproliferative activity; logues showed that for some of the newly formed derivatives, a certain cytotoxic effect was
Cytotoxicity; observed, in one case even higher than that of the parent compound. Specifically, 11-O-(4-chlor
In vitro 0-3-nitrobenzoyl)haemanthamine (21) showed an enhanced antiproliferative effect, where the mean

growth percent (GP) value was 5% compared to haemanthamine, leading to a decrease in the GP to
25%. Among ten cell lines tested, derivative 21, bearing a substituted aromatic ester bond via C-11
of haemanthamine, had excellent activity for inhibiting the growth of HeLa (ICsq = 0.2 = 0.1 uM),

Abbreviations: AAs, Amaryllidaceae alkaloids; DMSO, dimethyl sulfoxide; DPBS, Dulbecco’s phosphate-buffered saline; ECACC, European
Collection of Authenticated Cell Cultures; GP, growth percent; IC50, half maximal inhibitory concentration; LDH, lactate dehydrogenase; SAR,
structure-activity relationship; SD, standard deviation.
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A549 (ICso = 1.7 £ 0.1 uM) and HT-29 (IC5o = 2.2 £ 0.1 uM) cells. When evaluating response
kinetics, we found that 21 and haemanthamine dose- and time-dependently suppressed the prolif-
eration of A549 cells. In contrast to haemanthamine (1), Trypan blue and lactate dehydrogenase
(LDH) release assay revealed that 21 was capable of reducing the survival of A549 cells.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plants of the Amaryllidaceae family produce a large variety of
structurally unique isoquinoline alkaloids (also known as
Amaryllidaceae alkaloids), many of which have been reported
as promising anticancer candidates, which could be considered
for further development of new anticancer drugs. The first sci-
entific evidence for the existing anticancer potential of Amaryl-
lidaceae plants and their constituents dates back to at least the
fourth century BC when Hippocrates of Cos used oil from the
daffodil Narcissus poeticus L. for the treatment of cancer
(Kornienko and Evidente, 2008). To date, more than 600 of
these compounds have been isolated, including narciclasine,
pancratistatin, haemanthamine, haemanthidine, montanine,
bulbispermine, and distichamine (Fig. 1), which are, together
with lycorine, of interest due to their promising anticancer
properties. Narciclassine and lycorine have been intensively
studied for their potent anti-tumor effects, both in vitro and
in vivo, in various preclinical models of human cancers (Zhao
et al., 2021; Gopalakrishnan et al., 2020; Cao et al., 2018;
Fiirst, 2016; Gao et al., 2021; Xin et al., 2020; Hu et al., 2020).

This study focuses on semisynthetic structural modifica-
tions of haemanthamine (1), an o-crinane-type alkaloid of
plants from the Amaryllidaceae family, and its effect on bio-
logical activities. Haemanthamine (1) has been shown to have
cytotoxic, antioxidant, antimicrobial, antiviral, antimalarial,
and anti-inflammatory effects (Havelek et al. 2014;
Habartova et al. 2016; Kohelova Perinova, et al. 2019;
Sener, Orhan, and Satayavivad 2003; Cedron et al. 2012).
Many studies indicated the anticancer potential of haeman-
thamine (1), especially as a substance with a growth-
inhibitory, cytotoxic and proapoptotic effect on a wide variety
of tumor cell lines (Pellegrino et al., 2018; Havelek et al., 2014;
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Havelek et al., 2017; Cedron et al., 2015; Van Goietsenoven
et al., 2010). Furthermore, possible anticancer activity was
monitored in vivo on Erhlich’s tumor, where haemanthamine
(1) proved ineffective, which may indicate inappropriate selec-
tion of tumor tissue or reduced efficacy against the selected
tumor type (Havelek et al., 2017).

The exact mechanisms of all the documented biological
activities of haemanthamine (1) are not precisely known, but
for the cytostatic effect of this substance, current knowledge
has revealed its ability to bind to the eukaryotic 80S ribosome
and subsequently inhibit proteosynthesis (Pellegrino et al.,
2018). Another study, focusing on the anticancer potential of
haemanthamine (1), showed inhibition of the growth of the
ovarian cancer cell line A2780 in combination with sodium
butyrate. The identified underlying molecular mechanisms of
the inhibition were based on the reduction of phosphorylated
checkpoint kinases Chkl and Chk2 and the subsequent down-
regulation of p21 (Seifrtova et al., 2017). Haemanthamine (1),
with a significant in vitro cytotoxic effect against different types
of cancer cell lines (Habartova et al., 2016), has a high poten-
tial to function as an antineoplastic precursor. Therefore, its
molecule is a promising starting material for structural opti-
mization to provide a potential anticancer drug with enhanced
antiproliferative and cytotoxic activity. Furthermore, this
alkaloid is one of the most abundant AAs that can be easily
isolated from plant material in gram-scale quantities.

Based on the inhibitory activity of haemanthamine (1)
against cancer cells and its unique 5,10b-
ethanophenanthridine chemical scaffold, structural modifica-
tions were carried out on the initial hit compound to explore
structure-activity relationships (SAR), as well as acquire new
potent anticancer candidates. In this study, new derivatives
incorporating C-1 and C-2 hydrogenated haemanthamine
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(1), pentenoyl-, halo-substituted benzoyl-, naphthoyl- and
furoyl- esters of haemanthamine (1) were prepared. The syn-
thetized compounds were modified by binding aliphatic, cyclic,
or heterocyclic ligands to the C-11 hydroxyl group of haeman-
thamine (1). All newly formed haemanthamine derivatives (2,
10, 11, 16-30), and haemanthamine derivatives (3-9, 12-15)
synthesized within previous studies (Kohelova, Perinova,
et al., 2019; Pefinova et al., 2020), were tested, together with
haemanthamine (1), using an in vitro single-dose screening
cytotoxicity test. We investigated the effect of alkaloids on
the proliferation using the WST proliferation assay and by
determining growth percentage in 9 tumor cell lines (Jurkat,
MOLT-4, A549, HT-29, PANC-1, A2780, HeLa, MCF-7,
SAOS-2) and one non-tumor line (MRC-5). The most
growth-inhibitory derivative of all those tested was shown to
be 11-0-(4-chloro-3-nitrobenzoyl)haemanthamine (derivative
21). Thus, the subsequent aim of the study was to assess the
derivative itself and its possible cellular mechanism of action,
including quantification of cell death, cell proliferation, and
cell cycle analysis.

2. Material and methods

2.1. General experimental procedures

All solvents were treated by using standard techniques before
use. All reagents and catalysts were purchased from commer-
cial sources (Sigma Aldrich, Czech Republic) and used without
purification. The NMR spectra were acquired at ambient tem-
perature on a VNMR S500 (Varian) spectrometer operating at
500 MHz for 'H and 125.7 MHz for '*C. Chemical shifts were
recorded as o values in parts per million (ppm) and were indi-
rectly referenced to tetramethylsilane (TMS) via the solvent
signal (CDCl; - 7.26 ppm for 'H and 77.0 ppm for '*C). Cou-
pling constants (J) are given in Hz. ESI-HRMS were obtained
with a Waters Synapt G2-Si hybrid mass analyzer of a
quadrupole-time-of-flight (Q-TOF) type, coupled to a Waters
Acquity [-Class UHPLC system. The temperature program
was: 100-180°C at 15°C/min, 1 min hold at 180 °C, and
180-300 °C at 5°C /min and 5 min hold at 300 °C; detection
range m/z 40-600. The injector temperature was 280 °C. The
flow-rate of the carrier gas (helium) was 0.8 mL/min. A split
ratio of 1:15 was used. TLC was carried out on Merck pre-
coated silica gel 60 F254 plates. Compounds on the plate were
observed under UV light (254 and 366 nm) and visualized by
spraying with Dragendorff’s reagent.

2.2. Isolation of haemanthamine (1)

Haemanthamine has been previously isolated in gram amount
from fresh bulbs of Narcissus pseudonarcissus cv. Dutch Mas-
ter within our phytochemical study (Hulcova et al., 2019).

2.3. Preparation of haemanthamine derivatives

2.3.1. Hydrogenation of haemanthamine (1) to 1,2-
dihydrohaemanthamine (2)

70 mg (0.23 mmol) of compound 1 dissolved in 5 mL of THF
were hydrogenated in the presence of catalytic amounts of Pd/
C. The reaction mixture was stirred for 5 days. The solution

was filtered through Celite and the solvent evaporated and
the residue was purified by preparative TLC (To:Et,NH
95:5) to yield 20 mg (87%) of 2 as an amorphous white solid.
The NMR and MS data were in accordance with published
data (Cedron et al., 2012). Yield 20 mg (20%); amorphous
white solid; [o]y = +39.8 (¢ = 0.101, CHCI,).

2.3.2. General procedure for preparation of haemanthamine
esters (10, 11, and 16-30)

Newly synthesized esters 10, 11, 16-30 (Fig. 1) have been pre-
pared according to a procedure described previously
(Kohelova, Pefinova, et al., 2019; Pefinova et al., 2020). The
spectroscopic data for already described derivatives (3-9, 12—
15) can be found in the following literature (Kohelova,
Perinova, et al., 2019; Pefinova et al., 2020; Maafi et al., 2021).

2.3.3. 11-0-(3,5-Dimethylbenzoyl) haemanthamine (10)

Yield 24 mg (80%); amorphous white solid; [o]} = +36.7° (¢
0.120, CHCl3); 'H NMR (500 MHz, CDCl5) §: 7.53 (2H, s),
7.19 (1H, bs), 6.96 (1H, s), 6.50 (1H, s), 6.43 (1H, d,
J =10.0 Hz), 6.12 (1H, dd, J = 10.0 Hz, J = 4.9 Hz), 5.92—
5.90 (2H, m), 5.19 (1H, dd, J = 6.8 Hz, J = 3.4 Hz), 4.40
(IH, d, J=16.6Hz), 3.88-3.83 (1H, m), 3.78 (lH, d,
J = 16.6 Hz), 3.57-3.41 (3H, m), 3.36 (3H, s), 2.36 (6H, s),
2.18-2.04 (2H, m); *C NMR (125 MHz, CDCl;) &: 165.8,
146.7, 146.5, 138.0, 134.7, 134.3, 130.0, 129.4, 127.7, 127.0,
126.5, 106.6, 103.9, 100.9, 80.8, 72.5, 62.9, 61.2, 60.9, 56.5,
49.3, 28.6, 21.2; ESI-HRMS m/z caled for Co,sHosNOS [M
+H]" 434.1962 found 434.1968.

2.3.4. 11-0-(2,3-Dimethylbenzoyl) haemanthamine (11)

Yield 21 mg (70%); amorphous white solid; [o]3y = +67.7 (¢
0.130, CHCl3); '"H NMR (500 MHz, CDCls) §: 7.48 (1H, d,
J=78Hz), 729 (IH, d, J=78Hz), 7.12 (IH, t,
J=78Hz), 699 (1H, s), 6.50 (1H, s), 6.49 (1H, d,
J =10.0Hz), 6.16 (1H, dd, J = 10.0 Hz, J = 4.9 Hz), 5.91
(2H, s), 5.19 (1H, dd, J = 6.9 Hz, J = 3.9 Hz), 4.40 (IH, d,
J = 17.0 Hz), 3.88-3.83 (1H, m), 3.77 (1H, d, J = 17.0 Hz),
3.53 (1H, dd, J = 14.2 Hz, J = 7.3 Hz), 3.49-3.40 (2H, m),
3.36 (3H, s), 2.43 (3H, s), 2.32 (3H, s), 2.13-2.08 (1H, m),
204 (1H, td, J=132Hz, J=39Hz): C NMR
(125 MHz, CDCl5) 8: 167.4, 146.7, 146.5, 138.1, 137.8, 134.5,
133.2, 130.7, 129.6, 128.0, 127.2, 126.6, 125.1, 106.6, 104.0,
100.9, 80.9, 72.5, 62.9, 61.2, 60.8, 56.5, 49.3, 28.5, 20.5, 16.6;
ESI-HRMS mi/z caled for CogHosNO:S [M+H]™ 434.1962
found 434.1970.

2.3.5. 11-0-(3,5-Diethoxybenzoyl ) haemanthamine (16)

Yield 19 mg (63%); amorphous white solid; [a]py = +38.4°
(c 0.125, CHCl3); '"H NMR (500 MHz, CDCl3) &: 7.04 (2H,
d, J =24Hz), 6.96 (1H, s), 6.64 (1H, t, J = 2.4 Hz), 6.51
(IH, s), 643 (1H, d, J=102Hz), 6.14 (1H, dd,
J =10.2Hz, J = 48 Hz), 594-591 (2H, m), 5.18 (1H, dd,
J=68Hz, J=37Hz), 442 (1H, d, J = 16.8 Hz), 4.05
(4H, q, J=69Hz), 3.88-3.85 (IH, m), 3.80 (1H, d,
J =168 Hz), 3.57-3.43 (3H, m), 3.36 (3H, s), 2.20-2.14
(1H, m), 2.08 (IH, td, J=42Hz), 143 (6H, t,
J = 6.9 Hz); *C NMR (125 MHz, CDCl;) &: 165.3, 160.0,
146.8, 146.6, 134.2, 131.8, 129.6, 127.6, 107.5, 106.7, 106.5,
104.0, 101.0, 80.8, 72.4, 63.8, 63.0, 61.1, 60.8, 56.5, 49.3,
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28.4, 14.7; ESI-HRMS m)/z caled for C,sH3,NO; [M+H]*"
494.2174 found 494.2181.

2.3.6. 11-O-(4-Pentenoyl) haemanthamine (17)

Yield 24 mg (80%); amorphous white solid; [a]3 = —90.5° (c
0.190, CHCl3); 'H NMR (500 MHz, CDCl3) &: 6.91 (1H, s),
6.47 (1H, s), 6.35 (1H, d, J = 10.0Hz), 6.16 (1H, dd,
J =10.0Hz, J = 4.9Hz), 590 (2H, s), 5.86-5.76 (1H, m),
5.06 (1H, d, J = 17.0 Hz), 5.02 (IH, d, J = 10.0 Hz), 4.98
(1H, dd, J = 7.1 Hz, J = 3.4 Hz), 4.36 (1H, d, J = 17.0 Hz),
3.87-3.82 (1H, m), 3.73 (1H, d, J = 17.0 Hz), 3.45-3.29 (3H,
m, overlap), 3.37 (3H, s, overlap), 2.38-2.29 (1H, m, overlap),
2.32 (3H, s, overlap), 2.06 (1H, dd, J = 13.6 Hz, J = 4.1 Hz),
1.94 (1H, td, J = 13.6 Hz, J = 4.1 Hz); '*C NMR (125 MHz,
CDCl,) d: 172.0, 146.7, 146.4, 136.5, 134.3, 129.5, 127.8, 126.5,
115.5, 106.6, 103.9, 100.9, 80.3, 72.6, 62.8, 61.2, 60.7, 56.5,
49.1, 33.7, 28.7, 28.4; ESI-HRMS mi/z caled for CooH¢NOS
[M+H]" 384.1806 found 384.1810.

2.3.7. 11-O-(3,4-Dichlorobenzoyl) haemanthamine (18)

Yield 22 mg (73%); amorphous white solid; [o]f = +50.9° (¢
0.110, CHCl3); '"H NMR (500 MHz, CDCl3) §: 7.99 (1H, d,
J=20Hz), 7.75 (1H, dd, J =83 Hz, J=2.0Hz), 7.53
(1H, d, J = 8.3 Hz), 6.95 (1H, s), 6.51 (1H, s), 6.41 (1H, d,
J = 10.1 Hz), 6.14 (1H, dd, J = 10.1 Hz, J = 4.9 Hz), 5.94-
591 (2H, m), 5.19 (1H, dd, J = 7.0 Hz, J = 3.4 Hz), 4.41
(1H, d, J = 17.0Hz), 3.88-3.84 (1H, m), 3.78 (IH, d,
J = 17.0Hz), 3.55 (1H, dd, J = 14.4 Hz, J = 7.0 Hz), 3.48-
3.42 (2H, m), 3.37 (3H, s), 2.15 (1H, dd, J = 13.7Hz,
J=44Hz), 201 (1H, dd, J = 13.7Hz, J = 4.4 Hz); 3C
NMR (125 MHz, CDCl;) 6: 163.6, 146.8, 146.6, 137.8, 134.1,
133.1, 131.3, 130.7, 130.0, 129.8, 128.3, 127.6, 126.7, 106.7,
103.9, 100.9, 81.5, 72.4, 62.9, 61.3, 60.9, 56.6, 49.3, 27.7;
ESI-HRMS m/z caled for C,H,CLNOS [M+H]"
474.0870 found 474.0872.

2.3.8. 11-0-(2-Iodobenzoyl) haemanthamine (19)

Yield 18 mg (60%); amorphous white solid; [o]5 = +12.6° (¢
0.190, CHCl5); "H NMR (500 MHz, CDCls5) &: 7.99 (1H, dd,
J=77Hz, J=12Hz), 7.63 (IH, dd, J= 7.7Hz
J=17Hz), 739 (IH, td, J=7.7Hz, J= 12Hz), 7.15
(IH, td, J = 7.7Hz, J = 1.7Hz), 6.99 (1H, s), 6.48 (1H, s,
overlap), 6.48 (1H, d, overlap, J = 10.5 Hz), 6.17 (1H, dd,
J=10.5Hz, J=50Hz), 591 (2H, s), 522 (IH, t,
J = 5.0Hz), 439 (1H, d, J = 16.9 Hz), 3.85-3.81 (1H, m),
3.77 (I1H, d, J = 169 Hz), 3.52 2H, d, J = 5.0 Hz), 3.43
(1H, dd, J = 13.4Hz, J = 4.5Hz), 3.35 (3H, s), 2.09 (1H,
dd, J = 13.7Hz, J=4.5Hz), 2.02 (I1H, td, J = 13.7 Hz,
J = 4.5Hz); 3C NMR (125 MHz, CDCl;) §: 165.5, 146.7,
146.5, 141.4, 134.7, 134.2, 132.7, 130.4, 129.7, 127.9, 127.8,
126.6, 106.6, 104.0, 100.9, 94.3, 81.5, 72.4, 62.8, 61.2, 60.5,
56.5, 49.4, 28.6; ESI-HRMS m/z caled for C,4H,;INOS [M
+H]" 532.0616 found 532.0622.

2.3.9. 11-0-(4-Iodobenzoyl) haemanthamine (20)

Yield 20 mg (67%); amorphous white solid; [o]® = —3.7° (¢
0.215, CHCI3); '"H NMR (500 MHz, CDCl;) §: 7.83-7.77
(2H, m, AA’BB’), 7.65-7.59 (2H, m, AA’BB’), 6.94 (1H, s),
6.50 (1H, s), 6.41 (1H, d, J = 10.1 Hz), 6.11 (IH, dd,

J =10.1Hz, J = 5.0 Hz), 5.94-5.89 (2H, m), 5.19 (1H, dd,
J=71Hz, J=38Hz), 440 (1H, d, J = 16.9 Hz), 3.87-
3.81 (1H, m), 3.77 (1H, d, J = 16.9 Hz), 3.53 (1H, dd,
J = 14.0Hz, J = 7.1Hz), 3.49-3.38 (2H, m), 3.36 (3H, s),
2.13 (I1H, dd, J=140Hz, J=4.0Hz), 203 (IH, td,
J = 14.0Hz, J = 4.0 Hz); *C NMR (125 MHz, CDCl;) 4:
164.9, 146.7, 146.5, 137.8, 134.1, 130.7, 129.6, 129.6, 127.6,
126.6, 106.6, 103.9, 100.9, 81.1, 72.4, 62.9, 61.2, 60.9, 56.5,
49.3, 28.6; ESI-HRMS mi/z caled for CoyH3INOS [M+H] ™"
532.0616 found 532.0626.

2.3.10. 11-O-(4-Chloro-3-nitrobenzoyl) haemanthamine (21)

Yield 23 mg (77%); amorphous yellow solid; [a]?y = +31.7° (¢
0.240, CHCl3); "H NMR (500 MHz, CDCls) §: 8.38 (1H, d,
J=19Hz), 804 (IH, dd, J=83Hz, J=19Hz), 7.65
(1H, d, J = 8.3 Hz), 6.93 (1H, s), 6.51 (1H, s), 6.40 (1H, d,
J =103 Hz), 6.15 (1H, dd, J = 10.3 Hz, J = 4.9 Hz), 5.93—
591 (2H, m), 5.21 (1H, dd, J = 6.8 Hz, J = 2.9 Hz), 4.40
(1H, d, J=16.6Hz), 3.88-3.85 (1H, m), 3.77 (lH, d,
J =17.1Hz), 3.56 (1H, dd, J = 142 Hz, J = 6.8 Hz), 3.45
(2H, dd, J = 142 Hz, J = 3.9Hz), 3.37 (3H, s), 2.16 (1H,
dd, J=13.7Hz, J=42Hz), 1.97 (1H, td, J = 13.7 Hz,
J = 42 Hz); ®C NMR (125 MHz, CDCl;) §: 162.6, 147.9,
146.8, 146.7, 133.8, 133.3, 132.4, 131.9, 130.1, 130.0, 127.4,
126.6, 126.4, 106.7, 103.8, 101.0, 81.8, 72.3, 62.9, 61.2, 60.8,
56.6, 49.2, 28.6; ESI-HRMS m/z caled for CrqH,,CIN,OF
[M+H]" 485.1112 found 485.1110.

2.3.11. 11-O-(4-Methyl-3-nitrobenzoyl) haemanthamine (22)

Yield 26 mg (87%); amorphous white-yellow solid; [a]fy =
+38.4° (¢ 0.125, CHCl;); '"H NMR (500 MHz, CDCly) §:
846 (1H, d, J=13Hz), 802 (1H, dd, J= 7.8Hz,
J=13Hz), 744 (1H, d, J = 7.8 Hz), 6.92 (1H, s), 6.49
(1H, s), 6.40 (1H, d, J=10.3Hz), 6.14 (1H, dd,
J =10.3Hz, J = 49 Hz), 592-5.89 (2H, m), 5.20 (1H, dd,
J=68Hz, J=34Hz), 439 (IH, d, J = 17.0 Hz), 3.90—
3.86 (1H, m), 3.77 (1H, d, J = 17.0 Hz), 3.58-3.51 (1H, m),
3.48-3.42 (2H, m), 3.36 (3H, s), 2.66 (3H, s), 2.18-2.12 (1H,
m), 2.06-1.99 (1H, m); *C NMR (125 MHz, CDCl;) &:
163.4, 149.1, 146.7, 146.6, 138.6, 133.9, 133.2, 133.1, 129.9,
129.4, 127.4, 126.6, 125.6, 106.7, 103.8, 100.9, 81.4, 72.3,
62.8, 61.2, 60.8, 56.6, 49.2, 28.5, 20.6; ESI-HRMS m/z calcd
for C,sH,sNL,OF [M+H]' 465.1657 found 465.1659.

2.3.12. 11-O-(3-Bromo-5-nitrobenzoyl) haemanthamine (23)

Yield 25 mg (83%); amorphous white-yellow solid; [a]fy =
+100.0° (¢ 0.120, CHCl;); '"H NMR (500 MHz, CDCl;) §:
8.66-8.63 (1H, m), 8.58-8.55 (1H, m), 8.37-8.35 (IH, m),
6.91 (1H, s), 6.49 (1H, s), 6.40 (1H, d, J = 9.8 Hz), 6.19 (1H,
dd, J =9.8Hz, J=4.9Hz), 593-587 (2H, m), 5.19 (1H,
dd, J=69Hz J=34Hz), 438 (IH, d, J= 17.1 Hz),
3.91-3.87 (1H, m), 3.76 (1H, d, J = 17.1 Hz), 3.55 (1H, dd,
J=142Hz, J = 6.9 Hz), 3.48-3.42 (2H, m), 3.36 (3H, s),
2.16 (1H, dd, J=13.7Hz, J=44Hz), 198 (1H, td,
J = 13.7Hz, J = 44 Hz); 3C NMR (125 MHz, CDCl;) &:
162.2, 148.8, 146.9, 146.8, 138.0, 133.7, 133.3, 130.6, 130.2,
127.3, 126.5, 123.2, 122.8, 106.8, 103.8, 101.0, 81.9, 72.3,
62.9,61.2,60.8, 56.7, 49.3, 28.6; ESI-HRMS m/z calcd for Coy-
H»,BrN,O; [M+H]™ 529.0605 found 529.0606.
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2.3.13. 11-O-(2-Chloro-4-nitrobenzoyl) haemanthamine (24)

Yield 18 mg (60%); amorphous white-yellow solid; [o]fy =
+41.7° (¢ 0.115, CHCl3); '"H NMR (500 MHz, CDCl;) 6
830 (IH, d, J=25Hz), 8.15 (1H, dd, J = 8.8 Hz,
J =25Hz), 7.85 (IH, d, J = 8.8Hz), 6.96 (IH, s), 6.50
(IH, s), 645 (1H, d, J=103Hz), 6.17 (1H, dd,
J =10.3Hz, J = 4.9 Hz), 5.93-5.90 (2H, m), 5.23 (1H, dd,
J=68Hz, J=39Hz), 440 (IH, d, J = 17.0 Hz), 3.82-
3.78 (1H, m, overlap), 3.78 (1H, d, overlap, J = 17.0 Hz),
3.55 (IH, dd, J=14.5Hz, J= 68Hz), 3.50 (IH, dd,
J=145Hz, J=39Hz), 344 (IH, dd, J = 13.6Hz,
J=44Hz), 3.35 (3H, s), 2.10 (1H, dd, J = 13.6 Hz,
J=44Hz), 195 (1H, td, J = 13.6 Hz, J = 44 Hz); C
NMR (125 MHz, CDCly) d: 163.2, 149.4, 146.8, 146.7, 135.5,
134.7, 133.7, 131.8, 130.1, 127.4, 126.4, 126.1, 121.5, 106.7,
103.9, 101.0, 82.2, 72.3, 62.8, 61.1, 60.4, 56.6, 49.4, 28.3;
ESI-HRMS m/z caled for Co4H,»CINOs [M+H]™ 485.1110
found 485.1111.

2.3.14. 11-O-(4-Fluoro-3-methylbenzoyl) haemanthamine (25)

Yield 25 mg (83%); amorphous white solid; [o]3 = —45.2° (¢
0.115, CHCl3); 'H NMR (500 MHz, CDCl5) §: 7.82-7.78 (1H,
m), 7.76-7.71 (1H, m), 7.05 (1H, t, J = 8.8 Hz), 6.95 (1H, s),
6.51 (1H, s), 6.43 (1H, d, J = 10.0Hz), 6.12 (1H, dd,
J =10.0Hz, J = 49 Hz), 593-591 (2H, m), 5.18 (1H, dd,
J=69Hz, J=34Hz), 440 (IH, d, J = 16.9 Hz), 3.88-
3.84 (IH, m), 3.78 (IH, d, J = 169 Hz), 3.54 (1H, dd,
J =14.0Hz, J = 6.9 Hz), 3.48-3.41 (2H, m), 3.37 (3H, s),
2.32 (3H, s), 2.17-2.11 (1H, m), 2.06 (1H, td, J = 14.0 Hz,
J = 4.4 Hz); *C NMR (125 MHz, CDCls) J: 164.8, 164.4 (d,
J = 252.8 Hz), 146.7, 146.5, 134.3, 133.2 (d, J = 6.7 Hz),
129.5, 129.0 (d, J=94Hz), 127.8, 126.7, 126.0 (d,
J =3.8Hz), 1253 (d, J = 20.5Hz), 115.2 (d, J = 23.9 Hz),
106.7, 103.9, 100.9, 81.0, 72.5, 62.9, 61.3, 61.0, 56.5, 49.2,
28.7, 14.5 (d, J = 3.0 Hz); ESI-HRMS m/z calcd for C,5H»s-
FNOS [M+H]" 438.1711 found 438.1715.

2.3.15. 11-O-(6-Chloro-2-fluoro-3-methylbenzoyl)
haemanthamine (26)

Yield 21 mg (70%); amorphous white solid; [o]f = + 14.5° (¢
0.110, CHCl3); "TH NMR (500 MHz, CDCls) d: 7.22-7.14 (1H,
m), 7.13-7.07 (1H, m), 7.01 (1H, s), 6.53-6.45 (2H, m), 6.24—
6.16 (1H, m), 5.92 (2H, s), 5.25-5.17 (1H, m), 4.40 (1H, d,
J =169 Hz), 3.84-3.73 (2H, m), 3.59-3.39 (3H, m), 3.36
(3H, s), 2.27 (3H, s), 2.08-1.88 (2H, m); '3C NMR
(125 MHz, CDCly) ¢: 162.7, 158.1 (d, J = 252.8 Hz), 146.7,
146.6, 1344, 133.1 (d, J= 57Hz), 130.1, 129.5 (d,
J =4.4Hz), 127.3, 126.7, 125.1 (d, J = 3.7Hz), 124.3 (d,
J =21.0Hz), 121.4 (d, J = 20.8 Hz), 106.6, 104.1, 100.9,
82.3, 72.6, 63.0, 61.3, 60.7, 56.5, 49.2, 28.3, 14.3 (d,
J = 2.7 Hz); ESI-HRMS m/z caled for C,sH,4CIFNOS [M
+H]" 472.1322 found 472.1328.

2.3.16. 11-O-(I-Naphtoyl) haemanthamine (27)

Yield 22 mg (73%); amorphous white solid; [o]3 = +71.4° (¢
0.185, CHCl3); '"H NMR (500 MHz, CDCls) é: 8.90 (1H, d,
J=79Hz), 803 (2H, d, J=79Hz), 790 (IH, d,
J=79Hz), 7.62 (1H, t, J=79Hz), 7.55 (1H, t,
J=179Hz), 749 (1H, t, J = 79 Hz), 7.03 (1H, s), 6.55 (1H,
d, J=10.0Hz), 6.53 (1H, s), 6.16 (1H, dd, J = 10.0 Hz,

J = 54Hz), 595592 (2H, m), 5.33 (IH, dd, J = 7.0 Hz,
J =3.7Hz), 443 (1H, d, J = 16.7 Hz), 3.90-3.84 (1H, m),

381 (IH, d, J=16.7Hz), 3.58 (1H, dd, overlap,
J=143Hz, J=70Hz), 3.55 (IH, dd, overlap,
J=143Hz, J=34Hz), 348 (IH, dd, J = 11.8Hz

J =59Hz), 3.36 (3H, s), 2.18-2.07 (2H, m); '3C NMR
(125 MHz, CDCl;) 8: 166.3, 146.7, 146.5, 134.4, 133.8, 133.5,
131.3, 129.6, 129.6, 128.5, 127.9, 127.8, 126.9, 126.6, 126.3,
125.6, 124.4, 106.6, 104.0, 100.9, 81.1, 72.5, 62.9, 61.2, 60.9,
56.5, 49.4, 28.6; ESI-HRMS m/z caled for CogHogNOS [M
+H]" 456.1805 found 456.1810.

2.3.17. 11-O-(2-Naphtoyl) haemanthamine (28)

Yield 19 mg (63%); amorphous white solid; [a]fy = +76.2° (c
0.105, CHCl3); "H NMR (500 MHz, CDCl;) &: 8.50 (1H, s),
7.98-7.93 (2H, m), 7.91-7.87 (2H, m), 7.61 (IH, t,
J =17.6Hz), 7.57 (1H, t, J = 7.6 Hz), 6.99 (1H, s), 6.52 (1H,
s), 648 (IH, d, J=99Hz), 6.13 (1H, dd, J = 9.9 Hz,
J = 49Hz), 594591 (2H, m), 5.29 (1H, dd, J = 6.4 Hz,
J =39Hz), 443 (1H, d, J = 16.8 Hz), 3.92-3.87 (IH, m),
3.80 (1H, d, J = 16.8 Hz), 3.62-3.52 (2H, m), 3.48 (IH, t,
J=92Hz), 337 (3H, s), 2.21-2.16 (2H, m); '3C NMR
(125 MHz, CDCls) &: 165.6, 146.7, 146.5, 135.5, 134.3, 132.4,
130.9, 129.6, 129.3, 128.4, 128.3, 127.8, 127.8, 127.4, 126.7,
126.6, 124.8, 106.6, 104.0, 100.9, 81.1, 72.5, 62.9, 61.3, 61.0,
56.5, 49.4, 28.7; ESI-HRMS m/z caled for CogH,NOS [M
+H]" 456.1805 found 456.1814.

2.3.18. 11-O-(2-Furoyl) haemanthamine (29)

Yield 23 mg (77%); amorphous white-yellow solid; [a]fy =
+43.4° (¢ 0.175, CHCl3); '"H NMR (500 MHz, CDCl;) o:
7.57 (1H, s), 7.06 (1H, d, J = 3.2 Hz), 6.94 (1H, s), 6.51-6.46
(2H, m), 640 (1H, d, J=10.0Hz), 6.11 (1H, dd,
J =10.0 Hz, J = 49 Hz), 591 (1H, bs), 5.90 (1H, bs), 5.17
(1H, dd, J = 6.3 Hz, J = 3.4 Hz), 438 (1H, d, J = 16.9 Hz),
3.87-3.82 (1H, m), 3.76 (1H, d, J = 16.9 Hz), 3.54-3.38 (3H,
m), 3.35 (3H, s), 2.15-2.01 (2H, m); *C NMR (125 MHz,
CDCly) o: 157.5, 146.7, 146.5, 144.6, 134.0, 129.8, 127.3,
126.5, 117.7, 111.8, 106.6, 104.0, 100.9, 80.6, 72.5, 62.9, 61.2,
60.7, 56.5, 49.3, 28.4; ESI-HRMS m/z caled for C5,H,oNOg
[M+H]" 396.1442 found 396.1442.

2.3.19. 11-O-(3-Furoyl) haemanthamine (30)

Yield 24 mg (80%); amorphous white-yellow solid; [a] =
+32.0° (¢ 0.200, CHCI3); '"H NMR (500 MHz, CDCl;) &:
791 (1H, s), 7.41 (1H, s), 6.92 (1H, s), 6.64 (1H, s), 6.48
(1H, s), 6.40 (1H, d, J = 10.0 Hz), 6.16-6.08 (1H, m), 5.92—
5.86 (2H, m), 5.15-5.09 (1H, m), 4.37 (1H, d, J = 16.9 Hz),
3.87-3.80 (1H, m), 3.74 (1H, d, J = 16.9 Hz), 3.53-3.45 (1H,
m), 3.43-3.36 (2H, m), 3.34 (3H, s), 2.13-1.94 (2H, m); *C
NMR (125 MHz, CDCl3) d: 161.8, 147.4, 146.6, 146.5, 143.8,
134.2, 129.5, 127.6, 126.5, 119.4, 109.5, 106.6, 103.9, 100.8,
80.3, 72.4, 62.8, 61.2, 60.9, 56.4, 49.1, 28.5; ESI-HRMS m/z
caled for Co,H,oNOG [M +H] ™ 396.1442 found 396.1444.

2.4. In vitro experiments

2.4.1. Cell culture and culture condition

Selected human tumor and non-tumor cell lines, Jurkat (acute
T cell leukemia), MOLT-4 (acute lymphoblastic leukemia),
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A549 (lung carcinoma), HT-29 (colorectal adenocarcinoma),
PANC-1 (pancreas epithelioid carcinoma), A2780 (ovarian
carcinoma), HelLa (cervix adenocarcinoma), MCF-7 (breast
adenocarcinoma), SAOS-2 (osteosarcoma) and MRC-5 (nor-
mal lung fibroblasts) were purchased from European Collec-
tion of Authenticated Cell Cultures (ECACC, Salisbury,
UK) and cultured according to the providers culture method
guidelines. All cell lines were maintained at 37 °C in a humid-
ified 5% carbon dioxide and 95% air incubator. Cells in the
maximum range of either 10 passages for non-tumor primary
cell line (MRC-5), or in the maximum range of 20 passages
for cancer cell lines (Jurkat, MOLT-4, A549, HT-29, PANC-
1, A2780, HeLa, MCF-7 and SAOS-2) and in an exponential
growth phase were used for this study.

2.4.2. Screening for antiproliferative activity, growth
percent and 1Csq value calculation

In starting experiments, each cell line was seeded at previously
established optimal density (1.10% to 50.10° cells per well) in a
96-well plate (TPP, Trasadingen, Switzerland) and cells were
allowed to settle overnight. Cells were treated for 48 h with
alkaloids in either a final concentration of 10 pM or in a broad
concentration range of 0.1-100 uM (determination of 1Cs, val-
ues). Doxorubicin (Sigma-Aldrich, St. Louis, USA), at a con-
centration of 1 pM, was used as a positive control. At the end
of the cultivation period, the WST-1 proliferation assay
(Sigma-Aldrich, St. Louis, USA) was performed according to
the manufacturer’s protocol and the absorbance was measured
using Tecan Spark (Tecan, Médnnedorf, Switzerland). Each
value is the mean of three independent experiments and repre-
sents the percentage of proliferation of 0.1% DMSO mock
treated control cells (100%). The growth percent (GP) value
was calculated for each alkaloid tested. GP represents the

H,, 10 % Pd/C 2

RCOCI, DMAP

—_—
pyridine
50-100°C

28:R=

27:R=

17: R=-(CH2)ZCH2=CH2

Fig. 2

mean of the proliferation decrease in percent of all the 10 cell
lines treated with the same alkaloid. ICs, values were calcu-
lated based on data obtained from proliferation determined
by a WST-1 assay and were processed using GraphPad Prism
7 biostatistics (GraphPad Software, San Diego, CA, USA)
software. Drug concentrations were plotted against the per-
centage of cell proliferation/viability and the ICs, values were
determined using nonlinear regression.

2.4.3. Cell proliferation, viability, and lactate dehydrogenase
(LDH) cytotoxicity assay

A549 cells were seeded in 96-well plates (500 cells/well) and
allowed to settle overnight at 37 °C in 5% CO,. Cells were
exposed to haemanthamine (1) and to 11-O-(4-chloro-3-nitro
benzoyl)haemanthamine (derivative 21) in a concentration
range from 1 to 10 pM for 24, 48 and 72 h. To establish the cell
proliferation - WST-1 proliferation reagent (Sigma-Aldrich,
St. Louis, USA) was used according to the manufacturer’s
instruction. At the end of the incubation period absorbance
was measured using the microplate reader Tecan Spark
(Tecan, Médnnedorf, Switzerland). Data represent the mean
value of three independent experiments and are expressed in
percent as the ratio of each sample absorbance related to the
absorbance of untreated control cells (100%).

Cell proliferation and viability of A549 cells were moni-
tored 24, 48 and 72 h after treatment with either haeman-
thamine (1) at 1, 2, 5 and 10 uM, or 21 at 1, 2, 5 and 10 pM.
Cells treated with 1 uM doxorubicin were used as a positive
control. Cell membrane integrity was determined using the
Trypan blue exclusion technique — mixing 10 pL of 0.4% Try-
pan blue and 10 pL of cell suspension. Cell counts were carried
out using a Biirker chamber and a Nikon Eclipse E200 light
microscope (Nikon, Tokyo, Japan).

R2
R? R3

R= R
RS

10: R'=H, R?=Me, R%=H, R*=Me, R°=H
11: R'=Me, R?=Me, R%=H, R*=H, R%=H
16: R'=H, R?=0Et, R%=H, R*=OEt, R°=H
18: R'=H, R?=Cl, R3=C|, R*=H, R%=H
19: R'=1, R?%=H, R3=H, R*=H, R%=H
20: R'=H, R%=H, R®=I, R*=H, R®=H
21: R'=H, R?=NO,, R®=C|, R*=H, R®=H
22: R'=H, R%=NO,, R*=Me, R*=H, R°=H
23: R'=H, R?=Br, R%=H, R*=N0O,, R%=H
24: R'=Cl, R?=H, R®=NO,, R*=H, R%=H
25: R'=H, R?=Me, R®=F, R*=H, R%=H
26: R'=F, R%=Me, R%=H, R*=H, R%=Cl

Design and synthesis of new haemanthamine derivatives.
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To establish the cytotoxicity of haemanthamine (1) and
derivative 21, A549 cells were seeded in 96-well plates (1 000
cells/well) and allowed to settle overnight at 37°C in 5%
CO.. Cells were exposed to haemanthamine (1) and derivative
21 in concentrations ranging from 2 to 10 uM for 24, 48 and
72 h. A cytotoxicity Detection Kit"VS (LDH) (Roche, Basel,
Switzerland) was used according to the manufacturer’s instruc-
tion. LDH release corresponds to the absorbance detected
using the microplate reader Tecan Spark (Tecan, Mdnnedorf,
Switzerland).

2.4.4. Cell cycle distribution analysis

Cells were harvested by trypsinization, collected, washed with
ice-cold Dulbecco’s phosphate-buffered saline (DPBS)
(Sigma-Aldrich, St. Louis, USA) and fixed with 70% ethanol.
The cells were centrifuged to remove ethanol and washed
again with ice-cold DPBS. To detect low-molecular-weight
fragments of DNA, the cells were incubated for 5 min at
room temperature in a buffer (192mL of 0.2M Na,-
HPO4 + 8 mL of 0.1 M citric acid, pH 7.8) and then labelled
with propidium iodide in Vindelov’s solution for 1 h at 37 °C.

Table 1 Structures of tested haemanthamine semisynthetic derivatives.
R
R? R! R? R? R? RS
R* R
11-O-(2-chlorobenzoyl)haemanthamine (3) Cl H H H H
11-0O-(4-chlorobenzoyl)haemanthamine (4) H H H Cl H
11-O-(2-nitrobenzoyl)haemanthamine (5) NO, H H H H
11-O-(3-nitrobenzoyl)haemanthamine (6) H NO, H H H
11-0-(3,5-dinitrobenzoyl)haemanthamine (7) H NO, H NO, H
11-0-(3-Methylbenzoyl)haemanthamine (8) H Me H H H
11-0-(4-Methylbenzoyl)haemanthamine (9) H H Me H H
11-0-(3,5-Dimethylbenzoyl)haemanthamine (10) H Me H Me H
11-0-(2,3-Dimethylbenzoyl)haemanthamine (11) Me Me H H H
11-0-(2-Methoxylbenzoyl)haemanthamine (12) OMe H H H H
11-0-(3-Methoxybenzoyl)haemanthamine (13) H OMe H H H
11-0-(3,4-Dimethoxybenzoyl)haemanthamine (14) H OMe OMe H H
11-0-(3,5-Dimethoxybenzoyl)haemanthamine (15) H OMe H OMe H
11-0-(3,5-Diethoxybenzoyl)haemanthamine (16) H OEt H OEt H
11-0-(3,4-Dichlorobenzoyl)haemanthamine (18) H Cl Cl H H
11-0-(2-Iodobenzoyl)haemanthamine (19) I H H H H
11-0-(4-lodobenzoyl)haemanthamine (20) H H 1 H H
11-0-(4-Chloro-3-nitrobenzoyl)haemanthamine (21) H NO, Cl H H
11-0-(4-Methyl-3-nitrobenzoyl)haemanthamine (22) H NO, Me H H
11-0-(3-Bromo-5-nitrobenzoyl)haemanthamine (23) H Br H NO, H
11-0-(2-Chloro-4-nitrobenzoyl)haemanthamine (24) Cl H NO, H H
11-0O-(4-Fluoro-3-methylbenzoyl)haemanthamine (25) H Me F H H
11-0-(6-Chloro-2-fluoro-3-methylbenzoyl)haemanthamine (26) F Me H H Cl
R

11-O-(4-Pentenoyl)haemanthamine (17)

11-O-(1-Naphtoyl)haemanthamine (27)

11-0-(2-Naphtoyl)haemanthamine (28)

11-0-(2-Furoyl)haemanthamine (29)

11-0-(3-Furoyl)haemanthamine (30)

—-CH = CHCHzCH2CH3

REirs
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Fig. 3  Antiproliferative activity of the tested compounds (1-30, C-11-bound ligand of derivative 21; and positive control doxorubicin).

Each graph represents one compound and its effect on proliferation of 10 cell lines. Cells were treated with a concentration of 10 uM for

48 h, and their proliferation was established by WST-1 assay and expressed as a percentage of control cells (0.1% DMSO treated,

proliferation 100%). Each value represents the mean + standard deviation of three independent experiments. The horizontal line borders

the 50% value. Doxorubicin was tested at 1 uM.
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Table 2 Growth percent (GP) values for individual cell lines after haemanthamine (1), 7 and 21 single-dose 10 pM exposure and a 48-
h treatment interval. Doxorubicin at 1 pM was used as a reference drug. Data are shown as mean values £ SD of at least three
independent experiments and are expressed as percent of proliferation of 0.1% DMSO mock treated control cells (100%).

Cell line Haemanthamine (1) 2 7 21 Doxorubicin
Jurkat 13 £3 104 + 22 35+ 3 0+0 2+ 1
MOLT-4 1+£1 85+ 6 8+ 1 2+0 0+2
A549 30+ 6 96 + 17 39+ 5 6+ 38 96 £ 1
HT-29 37+ 6 89 + 6 48 £ 6 0+2 109 + 7
PANC-1 42 +3 88 £ 7 39+ 6 31 £ 10 81 £ 2
A2780 30+ 5 93 £ 7 42 £ 3 1+£1 14 £7
HeLa 23 £ 2 99 + 6 39+£3 0+0 13 +£1
MCEF-7 11 +£1 922 £ 0 11 £1 2+ 1 33+ 1
SAOS-2 28 + 3 93 £3 30 + 4 8 £+ 14 26 + 4
MRC-5 32+2 112 £ 4 375 0+3 34 + 4

DNA content was determined by using the flow cytometer
CytoFLEX LX Flow Cytometer (Beckman Coulter, Miami,
FL, USA) with an excitation wavelength of 488 nm. The list
mode data were analyzed by Kaluza Analysis 2.1 software
(Beckman Coulter, Miami, FL, USA).

2.4.5. Statistical analysis

The descriptive statistics of the results were calculated, and the
charts were made using either Microsoft Office 365 Excel
(Microsoft, Redmond, WA, USA) or GraphPad Prism 7 bio-
statistics (GraphPad Software, La Jolla, CA, USA) software.
In this study, all the values were expressed as arithmetic means
with SD of triplicates, unless otherwise noted. For quantitative
data, normality testing was performed to assess whether para-
metric or nonparametric tests should be used. For experiments
with parametric variables, significant differences between the
groups were analyzed using the Student’s z-test and a P
value < 0.05 was considered significant.

3. Results and discussion

3.1. Design and synthesis of haemanthamine derivatives 10, 11,
16-30

As mentioned above, 1 demonstrates promising cytotoxic
activity and can be isolated from plants in gram amounts.
Thus, it has been selected from the AAs for structure modifica-
tion in order to increase the cytotoxic potential of 1. To study
details of SAR, a series of aliphatic, aromatic, and heterocyclic
esters of haemanthamine (10, 11, 16-30) has been synthesized,
structurally supplementing the previously synthesized library
(Kohelova, Perinova, et al., 2019; Pefinova et al., 2020). The
substitutions were performed on the hydroxyl group at C-11
of 1, using either aliphatic or differently substituted benzoyl
chlorides affording the corresponding esters 10, 11, 16-30
(Fig. 2, Table 1). Moreover, 1,2-dihydrohaemanthamine (2)
has been prepared to study the role of the double bond in
the structure of haemanthamine for its cytotoxic effect. Hydro-
genation on palladium black furnished 2 in only 20% yield. On
the other hand, all acyl derivatives were obtained in very good
to excellent yield (60-95%).

Table 3 1Csq values of haemanthamine (1) and 21 in human
cancer and non-cancer cells®®.

Cell line Haemanthamine (1) 21

Jurkat 2.4 + 0.3 53+ 0.1

MOLT-4 1.2 £ 0.2 5.0 £0.2

A549 1.4 +£ 0.5 1.7 £ 0.1

HT-29 2.4 £+ 0.5 2.2 £ 0.1

PANC-1 2.5+ 0.6 10.1 +£ 0.6
A2780 22 +£0.2 72 £0.3

HeLa 2.1 £ 0.3 0.2 +£ 0.1

MCF-7 1.3 +£0.2 2.6 £0.3

SAOS-2 23 +£0.5 83+ 04

MRC-5 2.5 £ 0.6 23 £0.2

“Results are expressed in pM.
PResults are the mean values + standard deviations of at least -
three independent replications.

3.2. Derivative 21 showed the most pronounced antiproliferative
effect among the newly synthesized derivatives of
haemanthamine

In the next step, the cytotoxic and antiproliferative activity of
all haemanthamine derivatives (2-30), together with haeman-
thamine itself, were quantified in a panel of selected cancer
and non-cancer cell lines. Ten different cell lines, representing
eight human tumor types (leukemia, lung, colon, ovarian,
breast, pancreas, cervix, and bone), were exposed to 10 uM
of 2-30 for 48 h, and the decrease in cell proliferation com-
pared to untreated control was determined by WST-1 assay.
The effect of parent haemanthamine (1) corresponds with its
similar inhibitory effect on cancer cells observed in other
in vitro studies (Havelek et al., 2014). Among the derivatives
tested, two analogues (7 and 21) of 1 demonstrated promising
cytotoxic potential at the screened concentration of 10 uM
(Fig. 3). Both are 3-nitro derivatives, but differ in additional
substituents of the benzoyl moiety. In the case of 21, in 7 of
the 10 cell lines tested, the proliferation dropped to less than
5% of the control cells. As depicted in Supplementary
Fig. S1, even doxorubicin-resistant cell lines such as HT-29,
A549, and PANC-1 were sensitive to the growth inhibitory
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activity of 21. To exclude the effect of the possible product of
hydrolysis from the ester 21, 4-chloro-3-nitrobenzoyl chloride
was screened for cytotoxic activity, but did not show any effect
alone at a 10 uM concentration during 48 h of treatment.

Interestingly, analogue 22, which differs from 21 only in the
presence of a methyl group instead of chlorine in position 3 of
the benzoyl group, demonstrated only weak cytotoxic activity.
It could be concluded that comparison of the biological activ-
ity of haemanthamine (1) and 1,2-dihydrohaemanthamine (2)
showed that the C1-C2 double bond is critical for cytotoxic
activity. The one-dose treatment data of all screened com-
pounds 1-30 for all ten human cell lines are presented in Sup-
plementary Table S1.

The mean GP value, representing the mean proliferation of
all tested cell lines compared to untreated controls, of haeman-
thamine (1) was 25%, with a range from 1% (MOLT-4) to
42% (PANC-1). Among the haemanthamine (1) derivatives
tested, 21 showed the most pronounced overall antiprolifera-
tive activity. The mean GP dropped to 5% (compared to con-
trol cells), with a range from 0 for the most sensitive cell lines
(Jurkat, HeLa, HT-29, MRC-5) to 31% for the least sensitive
cell line (PANC-1). Moreover, 21, at a concentration of
10 uM, demonstrated not only higher overall antiproliferative
activity compared to haemanthamine (1) as expressed by GP,
but its activity was more pronounced against every single cell
line (Table 2). Although 21 was highly potent and effective
in inhibition of cell proliferation, this derivative did not elicit
considerable level of selective antiproliferative activity against
cancer cells by avoiding its growth-inhibitory activity towards
non-cancer human lung fibroblast cell line MRC-5. Mean
growth percent values, the range of proliferation decrease, as
well as the most sensitive cell lines for each compound tested
are summarized in Table S2. The mean sensitivity for unaltered
haemanthamine, 1,2-dihydrohaemanthamine and C-11-
substituented semisynthetic haemanthamine analogues across
all cell lines tested can be found in Supplementary Material
(Fig. S2).

After the initial single-dose screening, the I1Cs, values of 21
and the parent compound haemanthamine (1) were measured
for each tested cell line and are shown in Table 3. The ICs, val-
ues for 21 ranged from 0.2 + 0.1 uM in the case of HelLa to
10.1 £ 0.6 uM in the case of PANC-1 cells. Clearly, the ICs,
values for haemanthamine (1) were in a narrow-range from
1.2 £ 0.2 for MOLT-4 to 2.5 £ 0.6 uM for PANC-1 and
MRC-5 cells. According to these determinations, derivative
21 has shown the most satisfactory potency among the hae-
manthamine derivatives and 21 reduced the survival of the
determined cancer cell lines down to 50% at a concentration
lower than 10 uM. These results confirmed the strong antipro-
liferative activity of 21 shared across a panel of human cancer
cell lines with different doxorubicin sensitivity. Therefore,
compound 21 was selected for further mechanistic experi-
ments, and the A549 cell line, which demonstrated some degree
of doxorubicin insensitivity, was used as a model.

3.3. Both haemanthamine (1) and derivative 21 decrease
proliferation of A549 cancer cells, but only 21 reduces the cell
viability and displays a cytotoxic effect

To compare the effect of haemanthamine (1) and 21 on A549
lung carcinoma cells, we primarily tested their influence on cell
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Fig. 4 (A) Proliferation of A549 cells determined by WST-1
assay. Cells were treated with increasing concentrations of
haemanthamine (1) and its derivative 21 up to 72 h. (B) Viability
of A549 determined by Trypan blue exclusion technique. Cells
were treated with increasing concentrations of haemanthamine (1)
and its derivative 21 up to 72 h. (C) Cytotoxicity of haeman-
thamine (1) and its derivative 21 was measured by LDH release
from A549 cells treated up to 72 h with increasing concentrations
of both the alkaloids. All data are presented as mean + standard
deviation from three independent experiments. *P < 0.05 was
taken as a significant difference from the controls.

proliferation. A549 cells were treated with haemanthamine (1)
and 21 for up to 72 h with increasing concentrations ranging
from 1 to 10 uM. Both substances reduced the proliferation
of A549 cells. The decline was time and dose dependent. The
process was slightly different for haemanthamine (1) and
21 exposed cells. The proliferation of haemanthamine (1) trea-
ted cells dropped gradually with increasing concentration
and time, whereas the effect of 21 was lesser for lower concen-
trations (1 and 2 uM), but more pronounced at higher concen-
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trations (5 and 10 uM). Derivative 21 applied at 10 uM for
72 h caused a drop to 2% of control cells (as compared to
12% after haemanthamine) (Fig. 4A).

In order to ascertain whether haemanthamine (1) and 21-
induced activity was dependent on cell death, we investigated
the impact on cell viability. Unexpectedly, here we observed
different mechanisms of action of these two compounds tested.
Haemanthamine (1) alone did not show any cytotoxic effect,
since the percentage of viable cells measured by the Trypan
blue exclusion technique remained constant during the whole
72 h interval of treatment with concentrations ranging from
1 to 10 uM. In contrast, derivative 21, at concentrations of 5
and 10 uM, caused a significant decrease in viability after
24 h of treatment, to 86% and 51%, respectively. After 72 h
exposure to 5uM and 10 uM 21, the viability dropped to
90% and 33%, respectively (Fig. 4B). The cytotoxic effect of
this derivative was confirmed by a LDH release detection
kit. As shown in Fig. 4C, derivative 21, at concentrations of
5 and 10 uM, was proved to have a cytolytic effect linked with

a significant increase in LDH activity in the culture medium.
These findings correspond to cell damage and correlates with
decreased viability of A549 after treatment with 21 in concen-
trations of 5 and 10 uM. Haemanthamine (1) had no effect on
LDH release; this is in agreement with the previous Trypan
Blue live/dead stain results, where haemanthamine (1) did
not affect the cell viability, but only inhibited cell proliferation.
To summarize these findings, while both haemantamine (1)
and 21 significantly inhibited proliferation of A549 with com-
parable efficiency, 21 also exhibited a significant cytotoxic
effect against A549, documented by loss of cell membrane
integrity and an increased percentage of dead cells. Our obser-
vations correlate well with the described ability of 10 pM hae-
manthamine to induce a decrease in proliferation of ovarian
carcinoma A2780 cells in a time-dependent fashion within
72 h (Seifrtova et al., 2017). Another earlier study conducted
on peripheral blood-derived human leukemic Jurkat cells had
reported apoptosis-mediated cell death and significant reduc-
tion of cell viability following haemanthamine treatment, but
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Fig. 5 Analysis of the cell cycle of A549 cells 24 h (A) and 72 h (B) after the application of either haemanthamine (1) or 21. The figure
shows representative histograms of human A549 lung carcinoma cells with the mean percentage of cells cycling through phases G1, S, and
G2 from flow cytometry measurement of three separate treatments. The bar graph summarizes cumulative data on the percentage of cells
in each phase of the cell cycle. Data are presented as mean values = SD, n = 3. *Significantly different to control (P < 0.05).
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at higher doses ranging from 10 to 20 uM (Havelek et al.,
2014).

3.4. Exposure to haemanthamine and 21 induced accumulation
of A549 cells in the G1 phase of the cell cycle

In the WST-1 proliferation assay, haemanthamine (1) and 21
exhibited antiproliferative activity in a dose- and time-
dependent manner. Cell cycle arrest is a major cause of cell
proliferation inhibition. To determine whether haeman-
thamine (1) and 21 modulate cell cycle progression, we
explored their effects on A549 cell cycle distribution after 24
and 72 h of treatment using flow cytometry. After 24-h of
treatment, only the percentage of 10 pM haemanthamine (1)-
exposed cells in the G1 phase was significantly increased to
70% (0.1% DMSO mock treated control 64%), with a con-
comitant decrease in the percentage of S-phase cells to 13%
(0.1% DMSO mock treated control 19%). In the case of all
other treatments, after a 24-h incubation interval, no signifi-
cant difference was found compared with the 0.1% DMSO
mock treated control group (Fig. 5A). In line with the
observed time-dependence of the antiproliferative activity,
haemanthamine (1) and 21 triggered significant (P < 0.05) cell
cycle redistribution at the G1 and S phase after 72 h of treat-
ment with 2, 5 and 10 uM concentrations (Fig. 5B). On the
other hand, this trend did not change considerably with the
increase in dose of haemanthamine (1) or 21 at 72 h. For exam-
ple, the percentage of cells in the G1 phase increased from 67%
in the 0.1% DMSO mock treated controls to 82% and 77% in
cells treated for 72 h with 10 uM of 21 and 10 pM of haeman-
thamine (1), respectively. In addition, the number of A549 cells
in the S phase showed a reduction from 20% in the 0.1%
DMSO mock treated control cells to 8% and 8% after
10 uM treatment with 21 and haemanthamine (1), respectively.
In summary, both haemanthamine (1) and 21 cause significant
and comparable cell cycle arrest in G1 by 72 h after exposure.
Consistent with these results, 24-h exposure of T-leukemic Jur-
kat cells to haemanthamine at 5 and 15 uM resulted in cell
cycle redistribution with an elevated percentage of cells in
G1 and G2, while the percentage of cells in the S phase was
reduced (Havelek et al., 2014).

4. Conclusion

Haemanthamine (1) is reported as a compound with promising
anticancer activity. Moreover, it can be isolated from different
Amaryllidaceae plants in gram amounts, and thus a series of
its derivatives has been developed to study the effect of
derivatization on cytotoxic activity. Within 29 screened hae-
manthamine derivatives, the most effective was 21 (11-O-(4-c
hloro-3-nitrobenzoyl)haemanthamine). This showed a greater
growth inhibition of cancer cell lines, which finally lead to a
lower growth percent value than in the case of the parent hae-
manthamine (1). Based on this finding, the C-11
haemanthamine-bound ligand was tested separately for cyto-
toxicity. The analyzes were negative, and the ligand alone
did not considerably affect the proliferation of the determined
human tumor and non-tumor cells. During follow-up experi-
ments aimed at the evaluation of cell viability after treatment
with 21, haemanthamine (1), and the positive control doxoru-
bicin, 21 induced a significant toxic effect and was very effec-

tive, even against resistant tumor lines, such as A549 non-
small cell lung carcinoma.
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